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Introduction
The classic taxonomy of diatoms is morphology-based using features of their characteristic silica cell wall called frustule (e.g. Ettl et al. 1986) . Medlin et al. (1988) introduced molecular methods into diatom taxonomy. Based on molecular, morphological and cytological results, Medlin and Kaczmarska (2004) proposed major clades of diatoms including Mediophyceae for bipolar centrics and the Thalassiosirales. Phylogenetic relationships of this latter order were reconstructed by Alverson et al. (2007) .
Recently, morphological studies are supplemented by molecular investigations on various Skeletonema species (Alverson and Kolnick 2005; Kooistra et al. 2008; Sarno et al. 2005 Sarno et al. , 2007 . Medlin et al. (1988) determined the phylogenetic status of the marine diatom Skeletonema costatum among the eukaryotes based on 16S-like (=18S) rDNA. Molecular and/or morphological studies investigated S. costatum or S. costatum-like diatoms and revealed new species, such as S. pseudocostatum (Medlin et al. 1991) , S. grevillei (Zingone et al. 2005 ), S. dohrnii, S. grethae, S. japonicum, S. marinoi (Sarno et al. 2005 and S. ardens (Sarno et al. 2007) . Skeletonema was found to be monophyletic and ancestrally a marine genus (Alverson et al. 2007 ). There are only two non-marine species in this genus: S. subsalsum occurring mainly in saline and brackish waters and occasionally in freshwater habitats ( Aké Castillo et al. 1995; Gibson et al. 1993; Hasle Evensen 1975; Hustedt 1957) and S. potamos that is recorded from freshwater and slightly brackish habitats (Kiss et al. 4 as Skeletonema potamos (C.I. Weber) Hasle in Hasle & Evensen; they found the same taxon in the liquid-preserved sample from the Jensensee, Plön (Germany), 19 August 1922 , Hustedt Collection E 4555, which Hustedt (1928 used when preparing the description of the diatom to which he applied erroneously the name Stephanodiscus subsalsus (Cleve-Euler) Hustedt. Table S1 ) and is considered invasive in several regions, including the Great Lakes of the United States (Mills et al.1993) , the River Loire in France (Descy et al. 2012) , and the River Elbe in the Czech Republic (Desortová et al. 2011) . Investigations of phytoplankton in the River Danube at Göd have been carried out with weekly sampling frequency for more than thirty years.
Skeletonema potamos is a broadly distributed species (Supplementary Material
Diatoms in the order Thalassiosirales were among the most abundant in the phytoplankton in this system, with Skeletonema potamos (C.I. Weber) Hasle and various Stephanodiscus species among the dominant taxa (Kiss 1985; Verasztó et al. 2010) . Skeletonema potamos was first recorded in the Danube in the late 1950s (Kiss 1986 ) and subsequently became abundant in the Hungarian stretch of the river by the end of the 1960s (Kiss et al. 1994 ).
Climate-associated warming has been shown in several freshwater ecosystems, including both lakes (e.g. Lake Baikal, Hampton et al. 2008 ) and rivers (e.g. the River Loire, Floury et al. 2012) . Increased temperature can have cascading ecosystem effects resulting in shifts in the community composition. Sensitive species are replaced by more tolerant species that change the interactions in the community (Anneville et al. 2007; Sommer et al. 2012) . As primary producers, phytoplankton plays an important role in the biochemical cycling of both carbon and oxygen and is, therefore, an important regulator of global climate (Winder and 5 spread of Cylindrospermopsis raciborskii (Woloszynska) Seenayya & Subba Raju , a cyanobacterium with a tropical origin, which expanded its original range towards the temperate zone both on the northern and the southern hemisphere, where it is now considered invasive in many lakes (Ryan and Hamilton 2003; Stüken et al. 2006) . Northward expansion of other thermophilic phytoplankton species can be also enhanced by climate change, such as mild winters that enabled the permanent establishment of some diatom (e.g. Rhizosolenia indica) and dinoflagellate (e.g. Alexadrium minutum) species in the North Sea and the German Bight (Nehring 1998). Warming can also enhance the frequency of harmful algal blooms (Paerl and Paul 2012).
In the case of the River Danube, Sipkay et al. (2009) predicted a global warming-related increase in total phytoplankton abundance and large inter-annual differences by the end of the century. According to Sipkay et al. (2012) , a linear temperature rise leads to drastic changes in phytoplankton biomass only in case of high nutrient load.
We had two major aims in our study. First, we aimed to extend the knowledge on the taxonomy of S. potamos and clarify the taxonomic status of the species. To achieve this, we applied both morphological and molecular analyses. Our second aim was to study ecological features of S. potamos. We collected all available information on the distribution of S.
potamos. Based on long-term data (for more than three decades), we aimed to find relationships with possible environmental drivers which enabled this species to become the dominant member of the phytoplankton of River Danube in warm-water periods. 6 in chains comprising 2-4 cells, but both single cells and longer chains (6-10 cells) are also somewhat common. Within chains, cells are connected by marginal fultoportulae (Fig. 1B, C) that are barely visible in untreated samples under the light microscope (Fig. 1A) . Cell diameter ranges from 3.0 to 6.5 µm (average: 4.5 µm), and the pervalvar axis ranges from 5 to 18 µm (average: 10 µm) in length. The valve face is flat in the centre and slightly rounded near the valve mantle (Fig. 1F ). There are fine radial striae on the valve face, consisting of irregular polygonal areolae and branched (2-3 times) interfascicles (Fig. 1D, E) . A ring of 4-8 marginal fultoportulae is situated at the valve margin (Fig. 1F, G) . The fultoportulae are tubular externally, the cleft at the distal tip and their silica-wall is relatively thick like the valve face with the rib-like elevations extending from the valve surface onto the fultoportulae (Fig. 1E, F, H) . At the bases of fultoportulae, external pores cannot be found (a difference compared to S. subsalsum). A single rimoportula is visible close to the ring of marginal fultoportulae (Fig. 1F) , it can be in a different position in terminal and intercalary valves (similarly to some other Skeletonema species). The structure of the valve mantle is the same as that of the valve face with irregular polygonal areolae (Fig. 1D, F) . Numerous bands compose the thin girdle. The valve is more heavily silicified than the girdle.
Specificity of Primers and Phylogenetic Analyses of Skeletonema potamos
We were able to acquire SSU and LSU rDNA from the River Danube and River Tisza samples, as well as the Missouri River culture. However, plastid genes could be sequenced only from the isolated cells of River Danube and from the Missouri River culture. Based on the plastid genes, S. potamos and S. subsalsum formed a lineage distinct from other species within the genus (Supplementary Material Fig. S1 ). Since 18S and 28S rDNA sequences are available from more Skeletonema species than rbcL or psbC, we were able to investigate the phylogenetic position of S. potamos compared to more Skeletonema taxa based on the ribosomal genes than on the plastid genes. S. costatum rbcL and psbC sequences were involved in just the single-gene analyses (data not shown), because these plastid gene sequences are available from different strains. According to both the LSU and SSU rDNA, the S. potamos-S. subsalsum lineage also involved S. costatum, however, the position of this lineage compared to other Skeletonema species differed between the 18S and 28S rDNAphylogeny ( Supplementary Material Fig. S2 ).
In most Skeletonema species, intraspecific variability was observed at least in the SSU rRNA gene (this phenomenon occurred also in both ribosomal genes in S. marinoi-dohrnii, S. menzelii, S. grethae, S. tropicum, S. costatum ; it have to be mentioned that only one SSU 
Geographical Distribution of Skeletonema potamos
Skeletonema potamos is broadly distributed across the temperate zone (Fig. 3) . The species is most common in Europe, mainly in large rivers and their reservoirs, slowly flowing tributaries and connected lakes (altogether 91 water bodies). In North America, S. potamos was found in some lakes and rivers flowing into the Atlantic and Pacific Oceans and in their estuaries (altogether 61 water bodies). It was detected in South America (Brazil, Argentina) in rivers and lagoons along the coastal region of Atlantic Ocean (altogether 5 water bodies). In Asia it has been found in the River Ob (Russia), Lake Hovsgol (Mongolia), in a channel at Xaimen (China) and it has four occurrences in Japan. From Australia, it was recorded in three water bodies.
Long-term Change of Skeletonema potamos and its Response to Environmental Change in the River Danube
Since the abundance and biomass of S. potamos showed seasonal peaks in the warmer period (May-October) in the River Danube, we used these data from the years 1979-2012 to investigate environmental factors that affect the quantity of this diatom. The data presented in the following are also referring to this warmer period. The proportion of S. potamos in the total phytoplankton abundance ( A c c e p t e d M a n u s c r i p t A c c e p t e d M a n u s c r i p t   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 10 micrographs. It can be a little bit better seen by TEM if the position of the valve face is optimal ( Fig. 1 B, D arrow) . It is difficult to find the small external pore of the rimoportula on SEM micrographs.
Phylogenetic Position of Skeletonema potamos
Phylogenetic analysis resolved S. potamos within the genus Skeletonema (Fig. 2 S. potamos also occurs in the River Tisza in the region, where it is exposed to similar climatic effects as in the River Danube. One might therefore expect S. potamos to be similarly abundant in both rivers. However, the high light demand of S. potamos might limit its abundance in the River Tisza, which has higher overall levels of suspended matter throughout Danube on the quantity of S. potamos. In our present study, we focused on long-term changes and found that water discharge was not significantly related to the relative abundance of the species. However, it was significant in the case of relative carbon biomass. The River Danube exhibited a gradual decrease in mean water discharge during the last decades (Fig.4D) 1997; Miralto et al. 1999) . Considering these, the dominance of S. potamos in the phytoplankton may have serious consequences on the trophic web, and hence, energy flow in its habitats. Therefore, further studies on its position in nutrient cycling are mandatory. Especially because the species seems to be favoured by the warming of surface waters and can accordingly become dominant in its present habitats and its further expansion can also be expected.
Conclusions
Skeletonema potamos is a species with temperate zone distribution (Fig. 1) , where it occurs in a wide variety of low-salinity (mostly freshwater) habitats. Skeletonema subsalsum, occurring mainly in brackish waters, proved to be the closest relative of S. potamos and marine Skeletonema species were more distant relatives. We found little or no sequence variation in Steinberg et al. 1987) . Moreover, its proportion in total phytoplankton abundance and biomass increased during our long-term investigation in the River Danube, parallel with a gradual increase of water temperature. In the light of these data, we predict that the geographic and/or seasonal range of S. potamos will expand with the warming of surface waters in response to global climate change. To establish the biomass (wet weight) in each sample, the diameter (d) and the length (l) of the pervalvar axis of S. potamos specimens (n=50) were measured (to calculate the cell volume: r2*π*l; r=d/2) and multipled by cell number (Utermöhl 1958). In samples containing less than 1000 ind. mL -1 , fewer than 50 specimens were measured. The biovolume was converted into carbon content according to Menden-Deuer and Lessard (2000) .
Methods
Environmental parameters: Samples were taken from the upper 20 cm of the water.
Water temperature (T) was measured in situ with a WTW multiline portable meter. Total
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A c c e p t e d M a n u s c r i p t   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Publicly available Skeletonema sequences were used to design primers for PCR amplification and sequencing of nuclear SSU and partial LSU ribosomal DNA genes as well as plastid rbcL and psbC genes (Table 1) . Priming sites were determined using NCBI Primer-BLAST (Ye et al. 2012), and theoretical melting temperature and the possibility of dimer formation was explored using Integrated DNA Technologies Oligo Analyzer.
The four genes were amplified and sequenced with primers listed in Table 1 Table 2 ). Bayesian analyses were run on datasets individually and in combination. Posterior probability of distribution was estimated using Metropolis-coupled Markov Chain Monte Carlo (MCMC) as implemented in MrBayes 3.2 (Ronquist et al. 2012) .
Default priors were used for all analyses.
Statistical analyses:
To investigate the role of local environmental effects in the River Danube, we used only warmer period (May-October) data, because the occurrence of S.
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